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Fig. 10. Measurements (symbols) and calculations (curves) of the peak component of the
magnetic flux density are shown versus axial positions in the bore for different
times (see legend) with respect to the applied railgun current shown in Fig. 2.
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— 5 armature heights) behind the trailing edge of the armature............c.cooe
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Evaluation of Magnetic Shields for Instrumented Launch Packages
S. Levinsonl, M. Erengill, J. Faust’, and L. Burke®

! Institute for Advanced Technology, 3925 W. Braker Lane, Suite 400, Austin, TX 78759
2 U.S. Army Research Laboratory, Aberdeen Proving Ground, MD 21005

Abstract—As part of an investigation to determine the feasibility of Hardened
Subminiature Telemetry Sensor System (HSTSS) telemetry techniques in
electromagnetic (EM) launchers, a series of experiments was conducted to
evaluate the performance of magnetic shields. The magnetic field was measured
at several positions along the bore centerline of the Medium Caliber Launcher
(MCL) under stationary operation, and comparable EMAP3D calculations were
performed. The qualitative agreement between experimental and computational
results was very good. Hollow, metallic cylindrical shields were considered for
their capacity to suppress the transient magnetic fields. One was comprised of
A17075, weighing 130 g; the other was made of ETP Cu and weighed 430 g. The
copper shield was observed to reduce the induced peak voltages by more than
80% — which occurred at the earliest stages (e.g., < 100 us) of the current rise.
However, after 250 ps, the induced voltages were no longer attenuated by the
shield. Improved shielding may be obtained with thicker or more electrically
conductive cylindrical shells. If the induced fields are found to be problematic in
actual EM launches, a more sophisticated shield design will be needed since the
significant weight added to a 200-g launch package by this design would render
its use impractical.

INTRODUCTION

The electronics used in the Hardened Subminiature Telemetry Sensor System (HSTSS)
technology have been successfully demonstrated on conventionally launched projectiles
subjected to axial accelerations as high as 75 kilogees [1]. The HSTSS technology is now being
considered for electromagnetic (EM) launchers to provide on-board diagnostics for EM launched
projectiles. An added concern for the HSTSS electronics used with EM launchers is the high
magnetic field transients — which may render the electronics inoperable. For example, if a
muzzle shunt is used with the Medium Caliber Launcher (MCL), such fields can approach 20 T
at a rate of 20 T/ms at locations where such electronics are desired.

When a projectile is launched with a railgun, the voltage induced on any electronic
component located in the bore is the result of two terms: one is proportional to the rate of change
of magnetic flux (or rail current), and the other is proportional to the projectile velocity. While
field measurements associated with a stationary armature offer only a limited approximation of
comparable dynamic railgun fields, they were determined in this report to provide an order of
magnitude estimate of the magnetic flux density (B) and the induced voltage (proportional to
dB/dt) to which on-bore electronics will be subjected. The rail current in the full length MCL



typically rises in 500 ms to a 1.0 MA plateau, persists for a few milliseconds, and then decays to
several hundred kA by the time the launch package leaves the gun. This will accelerate a 200-
300 g launch package up to 2500 m/s over the first few meters of a 7-m long launcher.

Two sets of stationary experiments were conducted in order to evaluate the feasibility of
HSTSS telemetry techniques in EM launchers. In the second set, which is discussed in [2],
telemetry measurements using HSTSS-like electronics were analyzed in a stationary
configuration of the MCL for current transients as high as 300 kA. The first set is discussed in
this report, where known railgun current waveforms were used to excite measured transient
magnetic flux density fields to which the HSTSS-like electronics are subjected. The
experimental setup used to generate and measure these fields is discussed in the following
section. The ability of metallic cylinders to mitigate the effects of the high field transients
behind a fixed armature is then discussed. Finally, comparisons of the experimental
measurements and corresponding analysis using EMAP3D [3] are discussed.

EXPERIMENTAL SETUP

The electric current applied to the rails and armature of the MCL, shown schematically in
Fig. 1, has an associated magnetic field that is largest and perpendicular to the bore at the center.
The bore and containment geometry used in this study is a typical MCL design — with 6061-T6
aluminum rails (0.75-in. x 1.75-in. cross-section) and separated 1.575 in. (40 mm) by a fixed
6061-T6 aluminum rectangular armature (1.75-in. height and 1-in. axial extension). In all
measurements conducted for this report, 50-in. long rails were used.

Armature

Fig. 1. A schematic diagram is shown of the armature and rails of the Medium Caliber Launcher (containment not
shown). At the bore center, the magnetic flux is at its peak and is perpendicular to the bore axis.

A current waveform was used which had a linear rise proportional to that in a typical MCL
Jaunch. Virtually identical current pulses (six of which are shown in Fig. 2) were applied to the
rails to produce the magnetic flux in the bore investigated in this report. The intensity of the
transient magnetic field was measured with B-dot coils at different axial locations with respect to
a fixed armature. Each coil was comprised of 10 turns of #26 Ga copper magnet wire, wrapped
around a 0.25-in. wooden core, placed in the bore center, and oriented perpendicular to the bore
axis to measure the peak component of the magnetic field. The calculated sensitivity of the coils
was 3.17 V-s/T. Impedance measurements at 10 kHz of each coil were within 4 % of the value
based on the calculated inductance (0.68 uH).
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Fig.2. Measured railgun current waveforms are shown that were used to generate the magnetic flux density B

measured in the center of the MCL bore. For a 98 kA peak current, the peak current growth rate was 0.36
MA/ms.

The ability of a hollow, metallic cylinder to mitigate the effects of the high, transient
magnetic field expected near HSTSS components was explored for each of two hollow
cylindrical shields placed in the center of the bore, 2.0 in. behind the trailing edge of the
armature, as illustrated in Fig. 3. Each was 6.5-in. long, with a 1.25-in. outer diameter, 0.10-in.
thick wall, and closed on one end with a 0.10-in. thick wall. One shield was made of 606T6
aluminum and had a 130-g mass and electrical resistivity p, =~ 4-10® Q-m. The other was made
of ETP copper, which was 3.3 times more massive and 2.4 times more conductive.

g =

Current Shield

<+— |

/2 |

—>
35 25 -15 00 1.0 Z (inches)

Fig.3. Positions of the shield and field coils used to measure the magnetic field are shown relative to the
armature’s trailing edge; a terminated, twisted pair at -3.0 in. measured the approximate stray fields
acquired by the leads of the coils. Shields were constructed of (1) air (i.e., no shield), (2) ETP copper, and
(3) 6061T6 aluminum. Magnetic field measurements (with no shield) were also recorded by field coils in
identical, relative position in front of the armature.

The dominant component of the magnetic flux in the MCL bore was investigated in regions
where the HSTSS electronics would reside [2]. As shown schematically in Fig. 3;-for magnetic




flux measurements behind the armature, two of the magnetic field coils were placed inside the
shield along the centerline of the bore and shield at, respectively, 3.5 in. and 2.5 in. from the
trailing edge of the armature; a third coil was placed 1.5 in. from it, outside the shield. A
twisted-pair termination was also placed about 3 in. behind the trailing edge to concurrently
measure the level of the stray field acquired by the 3-ft twisted-pair leads that connected each
coil to 50 Q cables, which, in turn, were connected to a digital oscilloscope to record the
measurements. Magnetic field transients were also measured and recorded by the coils and
terminated twisted pair leads in the same relative positions at several locations in front of the
armature.

UNSHIELDED MAGNETIC FIELD MEASUREMENTS

The measured B-dot coil voltages (shown in Fig. 4) correspond to the railgun current shown
in Fig. 2. They are approximately proportional to the I-dot signals provided by the Rogowski
coil used to measure railgun current. However, the B-dot voltage measurements obtained behind
the fixed armature (-1, -2.5, and -3.5 in.) have faster rising peaks than the I-dot measurement,
and the reverse is true for corresponding measurements in front of the armature (+2.5, +3.5, and
4+9.5in.).

“oltage Measurements frormn B-dot Coils distributed on Bore Axis
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Fig. 4. B-Dot coil voltage measurcments (proportional to dB,/dt) obtained at differcnt axial positions in the bore
center are shown vs. time. Also shown are the unscaled Rogowski coil voltages used (when properly
scaled and integrated) to measure the railgun current.

The B-Dot voltage measurements shown in Fig. 4 were integrated and appropriately scaled
by the coil dimensions to provide estimates of the magnetic flux density B shown in Fig. 5. At
locations behind the stationary armature, the peak amplitude of |B| = B was 1.6 T, and the peak
value of dB/dt was 6 T/ms. Here, B was perpendicular to the bore axis at the bore center (B =
Bé, = B,&,), approximately axially independent, and proportional to the current level at



16 T/MA. At locations past the armature, B was markedly reduced, measuring nearly an order
of magnitude smaller at positions 2.5-3.5 in. (1.4-2 armature heights) after the trailing edge. Ata
location of 9.6 in. (5.5 armature heights) after the trailing edge, B measured more than two
orders of magnitude smaller. Since, at 9.6 in., B was still larger than the stray fields acquired by
the terminated twisted pair leads, it was judged a relatively noise-free, local measurement.

Magnetic Flux Density Measurements from B-dot Coils distributed on Bore Axis
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Fig.5. Integrated and scaled values are shown of the B-Dot coil voltage measurements shown in Fig. 4 to provide
estimates of the magnetic flux density (B,). Also shown are stray fields acquired by the terminated twisted
pair leads.

SHIELDED MAGNETIC FIELD MEASUREMENTS

In a railgun launch, if the armature current is not zero at exit, an electrical arc will form as
the armature leaves the gun and may cause a number of undesirable consequences, most of
which can be alleviated with the use of a muzzle shunt [4]. Unfortunately, when a muzzle shunt
is employed, significantly larger voltage transients will develop ahead of the armature as the

magnetic flux is compressed between the armature and the muzzle shunt. Transients induced

because of a muzzle shunt are difficult to measure or calculate accurately. However, the muzzle
voltage, normally 10-30 V on the MCL, has been measured in kilovolt ranges when such a shunt
is attached, as shown in Fig. 6 [5]. Thus, the use of a muzzle shunt in an EM launcher may
subject a launch package to extremely high voltage transients that could have dire consequences
for on-board instrumentation, which is a principal motivation for this investigation.



1200

I I 1
{145] P— :
800 p--------- + Measured Ir *
Voltage - V {1 =1 E :
[ arm r s ' 1
Current - kA 800 Lo { = Measured | : :
| — <dl fdt>=15 Ma/ms ! !
Measured Shunt Voltage b
400 fe e S S ' : Ly
1) S e e 5
0 l"-l“!i}lHH}E&\*év&’hW**huu&énuu’h|:LZq‘.,
i i
0 0.5 1

Time - ms

Fig. 6. Measured rail and shunt currents on the MCL are shown when a muzzle shunt is attached [5]. There is an
enormous magnetic field transient in the bore associated with the sharp shunt current rise (1.5 MA/ms) at
the end of the launch.

Shown in Fig. 7 (upper plot) are B-dot coil voltages measured inside aluminum and copper
shields at two locations behind the armature, which correspond to the railgun current shown in
Fig. 2; in the lower plot are the corresponding fractional reductions of the voltages due to the
shields. The B-dot coil voltages were integrated and appropriately scaled by the coil dimensions
to provide estimates of the magnetic flux density B shown in Fig. 8 (upper plot) and the
corresponding fractional reductions of B due to the shields (lower plot). The greatest reduction
in the magnetically induced voltage was achieved by the more conductive (and heavier) copper
shield. As compared to the case with no shield, it was observed to reduce the induced peak
voltages by more than 80% — which occurred at the earliest stages (e.g., < 100 ps) of the current
rise. However, after 250 us, the induced voltages were no longer attenuated by the shield. The
reductions in the magnetic flux density (Fig. 8) were slightly smaller, but persisted for longer
times.
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COMPUTATIONAL ANALYSES

Computational analysis was performed both to corroborate with and to extrapolate from the
magnetic field measurements conducted inside the magnetic shields. The 3D
electromagnetic/thermal finite element code EMAP3D [3] was used to conduct a stationary
analysis of the magnetic fields associated with the current profile shown in Fig. 2. Neither
thermal effects nor the effects of the magnetic containment structure were included in the model.
However, measurements and corresponding calculations of B are remarkably close, as shown in
Figs. 9 and 10, for the employment of an aluminum shield and a copper shield, respectively. In
both cases, the measured fields were as much as 0.4 T greater than corresponding calculations;
however, the calculations had the same relationship as the measurements did versus time, axial
position, and shield conductivity. As summarized in Fig. 11, where the three shield cases are
compared during the peak current and magnetic field (at 0.5 ms), the calculations corroborate the
measurements, showing the reduction in B due to the shields was greatest at the earliest times
behind the armature. The calculations confirm that the copper shield provides the best early
magnetic shielding of the two.

Aluminum Shield

= -10 8 6 -4 -2 o 2 4 6 8
Z-m
Fig. 9. Measurements (symbols) and calculations (curves) of the peak component of the magnetic flux density are
shown versus axial positions in the bore for different times (see legend) with respect to the applied railgun
current shown in Fig. 2. These correspond to the case of the aluminum shicld occupying a region 2-8.5 in.
(1-5 armature heights) behind the trailing edge of the armature.
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Fig. 10. Measurements (symbols) and calculations (curves) of the peak component of the magnetic flux density are
shown versus axial positions in the bore for different times (see legend) with respect to the applied railgun
current shown in Fig. 2. These correspond to the case of the copper shield occupying a region 2-8.5 in. (1-
5 armature heights) behind the trailing edge of the armature.

By at current peak (t=0.5 ms, I= 100 k&) along bore axis

Calculated: w/o Shield
Calculated: Al Shield
Calculated: Cu Shield [
Measured: wfo Shield
Measured: Al Shield
Measured: Cu Shield

Z - Axial distance/Armature Height

Fig. 11. Measured and calculated peak component of the magnetic flux density is shown during the current peak.
The measurements and EMAP3D calculations were made for three different shield cases, which occupied a
region 2-8.5 in. (1-5 armature heights) behind the trailing edge of the armature.

SUMMARY

Stationary experiments and 3D calculations using a known railgun current waveform were
used to excite the magnetic flux density in the bore center. The associated magnetic field
transient was calculated and measured on either side of a fixed armature in order to evaluate the
rate and intensity of the transient magnetic fields to which on-board electronics would be



subjected. A proportionality factor 16 T/MA was determined between the rail current and the
magnetic flux density behind the fixed armature. At locations past the fixed armature, the peak
fields were markedly reduced, measuring nearly an order of magnitude smaller at axial positions
1.5-2 armature heights after the trailing edge and measuring more than two orders of magnitude
smaller at positions 4.5-5 armature heights after it. Two hollow, 6.25-in. long, 0.10-in. thick
cylindrical shields (closed on one end) were considered for their capacity to suppress the
transient magnetic fields. One was comprised of Al7075, weighing 130 g; the other was made of
ETP Cu and weighed 430 g. The greatest reduction in the magnetically induced voltage was
achieved by the more conductive (but heavier) copper shield. As compared to the case with no
shield, the copper shield was observed to reduce the induced peak voltages by more than 80% —
which occurred at the earliest stages (< 100 us) of the current rise. However, after 250 ps, the
induced voltages were no longer attenuated by the shield. Improved shielding may be obtained
with thicker or more electrically conductive cylindrical shells; however, if such shielding is
found to be necessary for a particular EM launch, an improved shield design should be selected
since the significant weight penalties imposed by either of these shields would render the use
impractical.
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